SUMMARY: Vitellogenin (Vg) is the main precursor to egg yolk proteins (YPs) accumulated as nutrients for developing embryos of oviparous aquatic species. Recent gene cloning and immuno biochemical analyses verified the presence of multiple Vgs in teleost fishes, similar to the case in chickens and Xenopus. These findings lead us to abandon the classical "single Vg model" and explore different functions of individual Vgs and their YP derivatives during teleost oocyte maturation and embryogenesis. The course of proteolysis of Vgs and their YP products appears to differ among species. Detailed characterization of the relevant proteolytic enzymes has been partly accomplished only for salmonid fishes. Investigations of the endocrine regulation of teleost Vg and YP proteolysis have only just begun. Over the past decade, much attention has been paid to Vg due to its promise as a biomarker of contaminants that mimic estrogen, which are present in the aquatic environment. Sensitive and specific assays for measuring Vg in male and juvenile fish have been and will be valuable tools for identifying environmental estrogens to which humans and wildlife are potentially exposed.
INTRODUCTION
It has now been 33 years since the term vitellogenin (Vg) was first used by Pan et al.1) to describe the precursor to insect yolk proteins (YPs). Early studies of vertebrate Vg focussed on its synthesis, circulation in blood, uptake into oocytes, and proteolytic cleavage into YPs, as well as utilization of YPs by developing embryos.',') The status of our understanding of vitellogenesis in fishes was recently reviewed by Specker and Sullivan.4) As pointed out by these authors, the extent of Vg multiplicity in fishes and the details of proteolytic cleavage of Vgs and their derived YPs remained to be fully explored. In addition to these lines of exploration in basic research, use of Vg as a biomarker for exposure of fishes to contaminants that mimic estrogen has become a new component of environmental toxicology. The present review is focussed on recent progress in our understanding of proteolytic processing of Vgs and YPs in teleost fishes.
The major proteolytic events are categorized by reproductive phases as follows: vitellogenesis (first proteolysis), fi nal oocyte maturation (second proteolysis), and embryogenesis (third proteolysis). The results of recent investigations of Vg multiplicity are briefly reviewed in the context of understanding different potential functions of distinct Vgs and their YP products at various reproductive phases. Finally, we discuss results of recent studies, performed by us or our collaborators, in which Vg was utilized as a tool for monitoring potential endocrine disruption in fish exposed to contaminants.
MULTIPLICITY OF VITELLOGENIN
Multiple Vg genes or cDNAs encoding Vg have been described for many vertebrate species. Four functional Vg genes have been identified for Xenopus,5,6) three for chickens,7,8) and two for Fundulus,9,10) tilapia, Oreochromis aureus,11 and sheepshead minnow, Cyprinidon variegatus.12) On the other hand, complete sequences for only a single Vg gene have been available for rainbow trout, Oncorhynchus mykiss,13) and lamprey, Ichthymyzon unicuspus.14) Recent genomic analyses of rainbow trout") revealed twenty complete Vg genes and ten pseudogenes per haploid genome. However, the different Vg genes differed from one another by less than 3% at the nucleotide level. Based on analysis of expressed sequence tag (EST) clones from an adult zebrafish, Danio rerio, cDNA library, this species has at least seven distinct and functional Vg genes, including one that encodes a novel Vg lacking a phosvitin and C-terminal domain.16) Among teleosts, either a single class2,3,4) or two distinct classes17'18) of Vg protein(s) have been purified from various species. In fishes with dual Vg proteins, the different physiological functions of the distinct Vgs are just beginning to be elucidated (see SECOND PROTEOLYSIS, below).
FIRST PROTEOLYSIS (VITELLOGENESIS)
In chickens and Xenopus, after being taken up by vitellogenic oocytes via a specific receptor, Vg gives rise to two major YPs, lipovitellin (Lv) and phosvitin (Pv). As to specific enzymes involved in embryonic degradation of YPs, a survey of the effects of a variety of protease inhibitors on YP catabolism was undertaken in salmonids31). The electrophoretic pattern of Lv after digestion by embryonic WSF in vitro was similar to that of natural Lv fragments found in hatched alevins. The Lv-processing activity was strongly inhibited by Pefabloc SC but not various other protease inhibitors, suggesting that serine proteases (trypsin or chymotrypsin type) might be involved in Lv fragmentation. Furthermore, the, observed partial inhibition of Lv degradation by antipain, chymostatin, E-64, and leupeptin raises the possibility that two or more Lv -processing proteases (e.g. serine or cysteine proteases) are involved in Lv fragmentation.
VITELLOGENIN & ENDOCRINE DISRUPTERS
Over the past decade there has been growing concern that anthropogenic compounds may be responsible for detrimental reproductive effects in wildlife and possibly humans.46) Some of these effects are mediated by disruption of neuroendocrine processes, and the contaminants involved have been termed endocrine disrupters. Because Vg production specifically indicates a response to estrogen or an estrogen mimic, detection of Vg in male or immature fish plasma has become a standard marker of fish exposure to environmental estrogens, a class of endocrine disrupters.47) In a pioneering study,48) effects of effluents from sewage treatment works on fish vitellogenesis were first demonstrated using male rainbow trout caged downstream. In exposed fish, blood Vg levels were 500-100,000 times higher than those seen in control animals. Subsequently, similar investigations of wild fish, in which induction of vitellogenesis was related to other measures of reproductive function (e.g. steroid hormone levels and gonadal histology), were conducted in the U.K and U.S.,49.50,51.52) and later in Japan.53) These studies showed that the occurrence of Vg in male fish is a potential indicator of anatomical and functional reproductive abnormality. In laboratory studies, a variety of estrogen mimics have been identified, including alklphenol polyethoxylates (APEs), DDT, and its metabolites, bisphenol-A, and methoxyclor and its metabolites.54) The implicit assumption often made with regard to these studies is that Vg production in male or immature fish indicates both exposure to an environmental estrogen and impaired reproductive capability.
This assumption was reevaluated in a recent laboratory study of medaka, Olyzias latipes, exposed to DDT. 55 
